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Presented in this paper, is a practical implementation of the use of the Wood–Boring Hamiltonian
@Phys. Rev. B 18, 2701 ~1978!# in atomic and molecular ab initio core model potential calculations
~AIMP!, as a means to include spin–orbit relativistic effects, in addition to the mass-velocity and
Darwin operators, which were already included in the spin-free version of the relativistic AIMP
method. Calculations on the neutral and singly ionized atoms of the halogen elements and sixth-row
p-elements Tl–Rn are presented, as well as on the one or two lowest lying states of the diatomic
molecules HX, HX1, ~X5F, Cl, Br, I, At! TlH, PbH, BiH, and PoH. The calculated spin–orbit
splittings and bonding properties show a stable, good quality, of the size of what can be expected
from an effective potential method. © 1995 American Institute of Physics.I. INTRODUCTION
It is well known that relativistic effects have to be in-
cluded in order to undertake reliable theoretical studies on
molecules or solids including heavy atoms,1 and that a bal-
ance between accuracy and economy, which is necessary in
order to be able to perform practical, massive relativistic ab
initio calculations, has been attained by means of the use of
effective core potential ~ECP! methods.2–4 All of the ECP
methods incorporate the contributions of the major relativis-
tic effects into the effective core potential, in an approximate
manner. Some of them, the pseudopotential methods,5–9 rely
on a pseudo-orbital transformation and handle valence orbit-
als without the internal nodes; other, so-called effective core
potential methods10 and model potential methods,11–14 use
valence orbitals with internal nodes which are an approxima-
tion to the all-electron ones.
The recent availability of efficient Dirac–Hartree–Fock
~DHF! codes and of four-component configuration interac-
tion codes is leading to systematic fully relativistic all-
electron calculations on molecules which provide a standard
for monitoring the performance of relativistic ECP
methods.15–22 In this respect, although a conclusion has been
reached that several sets of spin-free pseudopotentials did not
show a consistent quality going down the group IV of the
Periodic Table,20 it has recently been shown that the ab initio
model potential method ~AIMP! ~Refs. 13 and 14! closely
resembles the DHF results down a group of the Periodic
Table.23
One of the advantages of the relativistic ECP methods is
their ability to include spin–orbit effects, very often simul-
taneously to correlation effects, at a reasonable cost, not too
much larger than the corresponding nonrelativistic correlated
calculations. Several methods have been proposed to take
into account the spin–orbit interactions within the ECP
methods.24–29 Some of them, related to the pseudopotential
methods, have already been used for a number of years in
molecular calculations.2,3 However, calculations including
spin–orbit effects within model potential methods are onlya!E-mail: ARTI@vm1.sdi.uam.es
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Zr23 spin–orbit operator proposed by Wadt24 was used.
In this paper it is presented the first practical implemen-
tation of the method firstly described in Ref. 29 for including
spin–orbit effects in atomic and molecular calculations, by
means of the use of the Wood–Boring Hamiltonian31,32
within the AIMP method.33 The previous stage of the AIMP
method, CG-AIMP,13,14 already included a model potential
representation of the spin-free relativistic mass–velocity and
Darwin operators as proposed by Cowan and Griffin,32 both
at the SCF and CI levels. Here, the spin–orbit effects are
handled by means of a model potential representation of the
one-electron spin–orbit operator of Wood and Boring,31
which is included at the double-group CI level.28 For brevity,
the method will be called WB-AIMP. It is to be noted that
this is a natural extension of the spin-free relativistic CG-
AIMP method in order to include spin–orbit effects, since
the Wood–Boring Hamiltonian31 and the Cowan–Griffin
one32 differ, essentially, in the spin–orbit contribution. The
potentiality of the Wood–Boring one-electron spin–orbit
Hamiltonian, in which two-electron contributions are im-
plicit, has been discussed;31,34,35 its superiority over the ex-
plicit inclusion of two-electron contributions by means of the
method of Blume and Watson36 has been recently pointed
out.9~c! Other theoretical frameworks handling relativistic ef-
fects, and, in particular, spin–orbit interactions, can be cho-
sen as a basis for a relativistic AIMP approach by using the
AIMP main idea of taking useful equations and substituting
some target operators by representations of them, either local
or nonlocal; in this respect, good results have been obtained
using the no-pair Hamiltonian of Hess37 and the mean-field
approximation for generating a one-electron spin–orbit no-
pair operator.38
For this work, WB-AIMP spin–orbit operators for group
VIIA elements F–At and for the sixth row main group ele-
ments Tl–Rn have been obtained, and the results of calcula-
tions in atoms and in the low lying states of the diatomic
molecules HX, HX1, ~X5F, Cl, Br, I, At! TlH, PbH, BiH,
and PoH ~bond lengths, vibrational frequencies, dissociation
energies, ionization potentials, and spin–orbit splittings! are
presented. In this way, the performance of the method can be
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monitored both in a group and in a row of the Periodic Table.
The comparison of the results with experiments reveals that
the ability of the WB-AIMP method to represent spin–orbit
effects at a reasonable cost is very satisfactory.
An outline of the method is presented in Sec. II, the
results of atomic calculations in Sec. III, and the results of
molecular calculations in Sec. IV. The conclusions appear in
Sec. V.
II. METHOD
In this section, the basic equations of the method13,29 are
summarized and the practical details of the implementation
are shown. The details of the spin-free relativistic method
CG-AIMP for molecules are presented in Sec. II B, and those
of the spin-dependent method WB-AIMP are presented in
Sec. II C. They are based, respectively, on the Cowan–
Griffin and Wood–Boring equations for atoms; these are
summarized in Sec. II A.
A. Wood–Boring and Cowan–Griffin equations for
atoms
The radial function of the large component of the Dirac
solution for one electron in a local, central potential V(r),
Gk , fulfills the equation ~in Rydberg units!31
F2 d2dr2 1 k~k11 !r2 1V~r !1VMV,k1VDW,k1VSO,klˆsˆGGk
5ekGk , ~1!
where k5l for j5l21/2 and k52(l11) for j5l11/2,
and the mass–velocity, Darwin, and spin–orbit operators
read
VMV,k52
a2
4 ~ek2V !
2
,
VDW,k52
a2
4 Bk
dV
dr S ddr2 1r D ,
VSO,k5
a2
2 Bk
1
r
dV
dr ,
and
Bk5F11 a24 ~ek2V !G
21
,
a being the fine-structure constant.
Neglecting the spin–orbit operator and converting the
differential Darwin operator into a local potential, Cowan
and Griffin32 proposed the approximate equation,
F2 d2dr2 1 l~ l11 !r2 1V~r !1VMV,nl1VDW,nlGGnl
5enlGnl , ~2!
where
VMV,nl52
a2
~enl2V !2, ~3!
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a2
4 Bnl
dV
dr S 1Gnl dGnldr 2 1r D ,
~4!
Bnl5F11 a24 ~enl2V !G
21
.
Cowan and Griffin32 proposed to add these VMV,nl and
VDW,nl operators to the nonrelativistic Hartree–Fock opera-
tor, FNR , in atoms, leading to a set of coupled equations,
~FNR1VMV,nl1VDW,nl!Rnl5enlRnl , ~5!
which can be solved self-consistently, using numerical pro-
cedures in which boundary conditions at the nucleus are im-
posed. In this case, V is the Hartree–Fock one-electron po-
tential and a local approximation must be adopted for it in
order to perform the derivatives leading to VMV and VDW ;
the Xa local approximation has been adopted here. It must
be noted that, unlike Cowan and Griffin calculations,32 this
local exchange approximation is used here only for the pur-
pose of generating VMV and VDW , not for the rest of the
one-electron operator, where the nonlocal Hartree–Fock ex-
change is used.
After solving Eq. ~5!, the numerical orbitals can be used
to generate the one-electron spin–orbit operators,31
VSO,nllˆsˆ5
a2
2 Bnl
1
r
dV
dr l
ˆsˆ , ~6!
useful in Eq. ~1!, if the k-dependency of VSO,k is approxi-
mated by an l-dependency.
B. Spin-free CG-AIMP method for molecules
The spin-free Cowan–Griffin relativistic version of the
AIMP method, which may be called CG-AIMP, is a scalar
approximation which keeps the structure of the ab initio non-
relativistic calculations, both at the SCF and CI levels. In this
approximation, the one-electron contribution to the valence
Hamiltonian of atom I is ~in Hartree units!
hCG-AIMP
I ~ i !52 12 D i2~ZI2Zcore
I !/ri1VCG-AIMP
I ~ i !, ~7!
VCG-AIMP
I ~ i !5VCoul
I ,MP~ i !1Vexch
I ,MP~ i !1VMV
I ,MP~ i !1VDW
I ,MP~ i !
1PI~ i !. ~8!
Its components are the following:
~1! The Coulomb core model potential,
VCoul
I ,MP~ri!5(
k
Ak
I exp~2ak
I
ri
2!
ri
, ~9!
where the parameters $AkI ,akI % are determined through
least-squares fitting to the genuine core Coulomb opera-
tor ~including 2 Zcore
I /ri! corresponding to the Cowan–
Griffin core orbitals obtained from Eq. ~5!.
~2! The core exchange model potential plus the relativistic
mass–velocity and Darwin model potentials, which are
the spectral representation of the genuine operators on
8079–orbit effectsthe primitive basis set of atom I ,
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Vexch
I ,MP1VMV
I ,MP1VDW
I ,MP5Vˆ ~Vexch
I 1VMV
I 1VDW
I !Vˆ , ~10!
where Vˆ is the projection operator of the space defined
by the nonorthogonal basis set $ualm;I&%, of spherical
primitive Gaussian-type functions of atom I ,
Vˆ 5(
l
(
m52l
1l
(
a ,b
ualm;I&~SI! l;ab21 ^blm;Iu,
~11!~SI! l;ab5^alm;Iublm;I&,
and
VMV
I 1VDW
I 5 (
nlPvalence
Oˆ l~VMV,nl
I 1VDW,nl
I !Oˆ l , ~12!
with
Oˆ l5 (
m52l
1l
ulm&^lmu, ~13!
VMV,nl
I and VDW,nl
I being those of Eqs. ~3! and ~4!, con-
verted to Hartree units. In this way, a simple expression
stands for the nonlocal model potential representing the
core exchange plus the valence mass–velocity and Dar-
win operators,
Vexch
I ,MP1VMV
I ,MP1VDW
I ,MP
5(
l
(
m52l
1l
(
a ,b
ualm;I&Al;ab
I ,MP^blm;Iu, ~14!
where the coefficients Al;ab
I ,MP are the elements of the ma-
trix
AI ,MP5~SI!21VEMDI ~SI!21, ~15!
with
VEMD,i j
I 5^iuVexch
I 1VMV
I 1VDW
I u j&, ~16!
ui& and u j& being elements of the set $ualm;I&%. This
VEMD
I matrix is lm-blocked and the VMV
I and VDW
I op-
erators within an lm-block only include the outermost
VMV,nl and VDW,nl operators @Eq. ~3!# of that block. If
more than one atomic orbital with the same value of l is
to be included in the valence of a given atom, then
uRnl&(VMV,nlI 1VDW,nlI )^Rnlu could be used instead of
(VMV,nlI 1VDW,nlI ), but this is not the case in any of the
calculations presented in this paper. This prescription,
together with the angular projection of Eq. ~12!, guaran-
tees that, say, VMV,nl
I does not act on atomic orbitals of
atom I other than nl .
~3! The core projection operator,
PI5 (
cPcore
~22ec
I !ufc
I &^fc
I u, ~17!
where ecI and fcI are the core orbital energies and func-
tions of atom I obtained in the atomic Cowan–Griffin–
Hartree–Fock calculation, Eq. ~5!. For simplicity, in Eq.
8080 Luis Seijo: Spin~17! orthonormal analytical Gaussian orbitals are used
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nal numerical core orbitals.
Within the CG-AIMP approximation, the basis set for
the valence of atom I is optimized by minimization of its
valence total energy, following the same methods applied to
the optimization of all-electron atomic basis sets.39,40 Along
this optimization, the original Vexch
I
, VMV
I
, and VDW
I opera-
tors are used rather than their model potential representa-
tions, Vexch
I ,MP
, VMV
I ,MP
, and VDW
I ,MP
, since they lead to identical
results in atoms. The optimized basis set is stored in libraries,
together with the core orbitals and orbital energies, the core
Coulomb local potential parameters @Eq. ~9!#, and the nu-
merical mass–velocity and Darwin potentials of the valence
@Eqs. ~3! and ~4!#, in order to be used in molecular calcula-
tions.
In a CG-AIMP molecular calculation using any standard
analytical ab initio method ~SCF, CASSCF, CI, ACPF, etc.!
the one electron operator reads
hCG-AIMP~ i !
52 12 D i1(
I
@2~ZI2Zcore
I !/ri1VCG-AIMP
I ~ i !# . ~18!
Here, the operators VCoul
I ,MP @Eq. ~9!# and PI @Eq. ~17!# are
used, together with Vexch
I ,MP1VMV
I ,MP1VDW
I ,MP @Eq. ~14!# calcu-
lated using the whole set of primitives centered on atom I in
the molecular calculation. Since the coefficients of the non-
local representation operators @Eq. ~15!# change when a
primitive is added or changed, they are calculated as a part of
the input processing of every molecular calculation rather
than stored in libraries; its calculation is not at all time con-
suming.
C. Spin-dependent WB-AIMP method for molecules
The spin-dependent Wood–Boring relativistic version of
the AIMP method, which may be called WB-AIMP, results
from adding to VCG-AIMP
I (i) @Eq. ~8!# a model potential rep-
resentation of the Wood–Boring one-electron spin–orbit op-
erator @Eq. ~6!#.
In this paper, for practical reasons, it is chosen as a spin–
orbit model potential the operator proposed by Pitzer and
Winter,28 so that
VWB-AIMP
I ~ i !5VCG-AIMP
I ~ i !1 (
nlPvalence
VSO,nl
I ,MP ~ri!Oˆ llˆsˆOˆ l .
~19!
Here, the radial part is41
VSO,nl
I ,MP ~ri!5l
I(
k
Bk
I exp~2bk
I
r i
2!
ri
2 . ~20!
The scaling factor lI is set to 1 and the parameters $BkI ,bkI %
are determined through weighted least-squares fitting to the
radial contributions to the numerical Wood–Boring spin–
orbit operators @Eq. ~6!# with a normalization restriction,
minH (
i
v i@VSO,nl
I ,MP ~ri!2VSO,nl
I ~ri!#
2J ~21!
I ,MP I
–orbit effects^RnluVSO,nluRnl&5^RnluVSO,nluRnl&, ~22!
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inRnl being the numerical atomic Cowan–Griffin–Hartree–
Fock functions, Eq. ~5!. After some numerical experimenta-
tion, the use of ri4 as a weight function in a logarithmic mesh
was found to be appropriated.
In atomic and molecular WB-AIMP calculations, the va-
lence one-electron operator
hWB-AIMP~ i !52 12 D i1(
I
@2~ZI2Zcore
I !/ri
1VWB-AIMP
I ~ i !# ~23!
is used at the CI level of calculation,28 which is fed with
molecular orbitals obtained in a spin-free relativistic CG-
AIMP calculation ~usually SCF, though not necessarily!.
In this approximate treatment of the spin–orbit effects in
atoms and molecules, in addition to the approximations in-
volved in freezing orbitals and representing operators, there
are those of using a one-electron operator for the spin–orbit
interactions and taking this operator ad hoc from the atomic
Wood–Boring equations. Though not completely theoreti-
cally justified, the final form of the spin–orbit operator used
is still plausible, since it is somehow related to a mean-field
approximation, including an average of most of the two-
electron contribution36 through the use of the Hartree–Fock
potential V(r) @Eq. ~6!#. Consequently, the atomic scaling
factor lI is included, in an attempt to partially overcome the
above approximations by using it as an empirical parameter.
An empirical value for lI can be obtained by making the
WB-AIMP atomic spin–orbit splittings to be close to the
experimental ones. Values of lI close to 1 must be expected,
and, as a matter of fact, this is what is found in the atoms
studied in this paper ~Sec. III!. One should notice, however,
that the size of the spin–orbit splittings are very often
coupled to electron correlation effects and the values of lI
can be affected by a deficient treatment of the correlation.
Since this kind of parametrization of lI rely only on the
availability of experimental atomic spectra, it is expected
that values for almost all atoms can be found.
III. ATOMIC CALCULATIONS
CG-AIMP’s and valence basis sets are already available
for halogen atoms F–I ~Ref. 14! and sixth row elements
Tl–Rn.23 The corresponding spin–orbit radial operators @Eq.
~20!# have been obtained here and are available from the
TABLE I. Spin–orbit potential for Tl @Eq. ~20!#, with l51.
VSOMP(5d) VSOMP(6p)
bk Bk bk Bk
965 500. 0.246 422 88 3 129 000. 0.159 595 66
92 580. 0.340 006 69 330 400. 0.291 364 21
7 460. 0.193 677 88 38 460. 0.250 370 86
679.3 0.066 665 17 5 174. 0.136 914 27
84.42 0.022 238 32 687.4 0.060 442 31
11.854 0.007 772 19 89.31 0.023 928 08
1.808 0.001 696 86 10.696 0.008 114 21
0.2468 0.000 178 21 1.120 6 0.001 392 77
Luis Seijo: Spauthor upon request; as a showcase, the one of Tl is shown in
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than usual pseudopotential spin–orbit operators ~see, for in-
stance, Ref. 9! as a result of requiring an accurate reproduc-
tion of the Wood–Boring radial spin–orbit operators @Eq.
~6!#.
Using the valence basis sets and spin–orbit operators
comented above, the calculated spin–orbit coupling con-
stants show typical errors of 10% respect to the ones calcu-
lated with the numerical atomic orbitals and spin–orbit op-
erators. In order to improve this, the spin–orbit corrected
valence basis sets are defined in such a way that they are still
optimal for representing bonding properties ~outermost parts!
TABLE II. Spin–orbit corrected valence basis set for Tl. All properties in
atomic units, except when indicated.
Exponent
Original
coefficient
SO-corrected
coefficient Numerical
~5d orbital!
685.880 72 0.006 861 98 0.006 903 20
198.236 99 0.041 583 55 0.041 583 48
71.916 786 0.092 304 94 0.092 304 79
15.671 582 20.101 348 56 20.101 348 39
9.144 742 1 20.219 462 16 20.219 461 79
1.478 193 4 0.607 831 97 0.607 830 95
0.461 619 57 0.523 405 39 0.523 404 51
z ~cm21!5 6 856 6 869 6 869
e(5d)5 20.824 4 20.824 4 20.842 7
^r23&5 17.37 17.40 17.40
^r21&5 0.957 0.957 0.953
^r&5 1.354 1.354 1.370
^r2&5 2.114 2.114 2.195
~6p orbital!
5 228.566 8 0.000 886 42 0.000 648 11
1 117.042 9 0.005 770 76 0.005 770 77
330.964 14 0.016 037 25 0.016 037 27
49.167 316 20.052 107 99 20.052 108 06
20.929 228 20.033 561 99 20.033 562 03
14.303 842 0.063 321 10 0.063 321 18
7.321 308 2 0.108 153 39 0.108 153 53
1.893 806 3 20.169 539 83 20.169 540 05
0.917 434 61 20.150 705 04 20.150 705 24
0.208 089 74 0.270 228 78 0.270 229 13
0.082 136 63 0.549 289 49 0.549 290 21
0.031 208 16 0.330 372 08 0.330 372 51
z~cm21!5 4 105 4 514 4 514
e(6p)5 20.181 3 20.181 0 20.185 8
^r23&5 11.39 10.30 10.58
^r21&5 0.322 0.321 0.325
^r&5 3.914 3.914 3.859
^r2&5 17.92 17.92 17.42
e(6s)5 20.435 3 20.434 3 20.449 0
valence energy5 250.533 821 250.533 460
TABLE III. Core definitions and valence basis set patterns.
Atom Core Valence Basis set pattern
H ••• 1s ~3,1,1,1/1,1!
F @He# 2s ,2p ~3,1,1/3,1,1,1/1!
Cl @Ne# 3s ,3p ~5,1,1/4,1,1,1/1!
Br @Ar#,3d 4s ,4p ~7,1,1/5,1,1,1/3,1!
I @Kr# 4d ,5s ,5p ~9,1,1/7,1,1,1/4,1,1,1!
Tl–Rn @Xe#,4 f 5d ,6s ,6p ~11,1,1/9,1,1,1/5,1,1,1/4,1!
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TABLE IV. Spin–orbit splittings and excitation energies ~cm21! for halogen elements F–I.
Main SL J
Original
basis set
SO-corrected
basis set
Experimenta Literaturel51 l51 Empirical l
~l50.835!
F 2P 3/2 0 0 0 0
1/2 473 483 403 404 375b
F1 3P 2 0 0 0 0
1 366 374 312 342
0 542 553 462 491
1D 2 22 537 22 513 22 480 20 873
1S 0 45 318 45 280 45 247 44 919
~l51.030!
Cl 2P 3/2 0 0 0 0
1/2 803 863 882 881 998b
Cl1 3P 2 0 0 0 0
1 630 674 694 697
0 911 971 1 000 996
1D 2 13 486 13 493 13 506 11 652
1S 0 28 726 28 736 28 749 @27 900#
~l51.080!
Br 2P 3/2 0 0 0 0
1/2 3 278 3 411 3 690 3 685 3 963c
Br1 3P 2 0 0 0 0
1 2 735 2 855 3 108 3 139
0 3 447 3 585 3 843 3 840
1D 2 13 597 13 681 13 868 11 409
1S 0 28 094 28 206 28 455 •••
~l51.091!
I 2P 3/2 0 0 0 0
1/2 6 963 6 969 7 643 7 603 7 891d
I1 3P 2 0 0 0 0
1 6 328 6 298 6 968 7 090
0 6 121 6 104 6 470 6 451
1D 2 14 847 14 821 15 408 13 731
1S 0 29 017 28 974 29 959 32 629
aReference 45.
bReference 7~a!. Shape-consistent pseudopotential; spin–orbit operator ~Ref. 27! obtained from the large com-
ponents of atomic Dirac–Fock valence spinors and their eigenvalues. Spin–orbit splitting computed by first-
order perturbation after a spin-free calculation.
cReference 7~b!. See footnote b.
dReference 7~c!. See footnote b.
8082 Luis Seijo: Spin–orbit effectsbut they are able to represent the spin–orbit related proper-
ties as well. Since the internal parts of the AIMP valence
basis sets contain Gaussian primitives with high exponents,
we achieve the above objective by changing only the inner-
most coefficient of a valence orbital,
Rnl
SO-corr5NS c1SO-corrx11(
i52
cix iD , ~24!
where $x% and $c% are the Gaussian primitives and coeffi-
cients defining the original orbital, x1 is the innermost primi-
tive, and N and c1SO-corr are chosen in order to fulfill
^Rnl
SO-corruRnl
SO-corr&51
and
^Rnl
SO-corruVSO,nluRnl
SO-corr&5^Rnl
numuVSO,nluRnl
num& ,
Rnl
num being the numerical Cowan–Griffin–Hartree–Fock or-bital and VSO,nl the numerical spin–orbit operator.
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together with the original one and some atomic properties
which can be compared with the numerical results. We can
see that the change in the orbitals is minimal, producing only
a very small loss of valence total energy, and insignificant
changes in all properties except for the expected value of r23
which is noticeably improved, although its original value
was already acceptable. In this way, it is expected that the
use of SO-corrected basis sets in atomic and molecular cal-
culations will leave essentially unaffected all properties ex-
cept those related to spin–orbit splittings. SO-corrected basis
sets have been obtained for all the atoms studied here and are
available from the author.
Using the CG-AIMP original and SO-corrected basis
sets and the spin–orbit operators, SCF and CI calculations
have been performed on a series of states of the neutral at-
oms and singly ionized ions of the halogen elements F–I and
sixth row elements Tl–Rn. The core definitions and valence
basis set patterns are presented in Table III. All the atoms
, No. 20, 22 May 1995ject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
TABLE V. Spin–orbit splittings and excitation energies ~cm21! for sixth row elements Tl–Rn.
Main SL J
Original
basis set
SO-corrected
basis set
Experimenta Literaturel51 l51 Empirical l
~l51.036!
Tl 2P 1/2 0 0 0 0
3/2 8 457 7 473 7 795 7 793 7 424b
7 654c
~l51.090!
Pb 3P 0 0 0 0 0
1 8 328 6 847 7 754 7 819 6 615c
2 11 914 10 289 11 289 10 650 10 195c
1D 2 24 079 20 868 22 832 21 458 20 561c
1S 0 32 709 29 545 31 475 29 467 29 939c
Pb1 2P 1/2 0 0 0 0
3/2 15 781 13 479 14 903 14 081 14 038b
~l51.12!
Bi 4S 3/2 0 0 0 0
2D 3/2 12 442 11 265 12 105 11 419 11 884c
5/2 17 350 15 729 16 907 15 438 16 537c
2P 1/2 23 538 21 933 23 096 21 661 23 243c
3/2 35 196 31 341 34 189 33 165 32 755c
Bi1 3P 0 0 0 0 0
1 13 356 10 958 12 752 13 324
2 18 073 15 508 17 424 17 030
1D 2 35 742 30 727 34 472 33 936
1S 0 46 627 41 697 45 361 44 173
Po 3P 2 0 0 0
1 19 002 15 136 16 831 16 345c
0 8 262 7 868 7 514 7 927c
1D 2 25 214 21 488 21 679 22 694c
1S 0 49 647 42 028 42 718 44 278c
Po1 4S 3/2 0 0
2D 3/2 19 653 16 289
5/2 26 126 22 333
2P 1/2 33 890 30 094
3/2 54 189 45 772
At 2P 3/2 0 0
1/2 26 737 21 401 21 407b
21 848c
At1 3P 2 0 0
1 27 685 21 750
0 10 178 9 747
1D 2 34 692 28 922
1S 0 68 470 56 696
~l51.067!
Rn1 2P 3/2 0 0 0 0
1/2 36 159 28 667 30 904 30 895 31 350b
aReference 45.
bReference 7~d!. See footnote b in Table IV.
cReference 9~c!. Energy-adjusted pseudopotential; spin–orbit operator obtained by fitting to atomic spin–orbit
splittings calculated at the all-electron Wood–Boring level. Transition energies computed in a CIDBG~SD!
8083Luis Seijo: Spin–orbit effectscalculation of the type used in this work.show a double splitting of the valence, extended with one
d-polarization function from Ref. 40. One diffuse p-function
for anion from Ref. 42 has been added to F and Cl; in Br, I,
and Tl–Rn, a triple splitting of the p function is performed
rather than adding extra p primitive, since the outermost ex-
ponent is very small. A d-orthogonality function13 is added
to Br and an f -orthogonality function is added to Tl–Rn; the
last one is singly splitted. The calculations have been per-
formed with the ECPAIMP program43 and COLUMBUS suite of
programs.44
J. Chem. Phys., Vol. 102Downloaded¬29¬May¬2006¬to¬150.244.37.189.¬Redistribution¬subTables IV and V show the results of the excitation ener-
gies calculated at the double group CI level,28 correlating the
outermost s and p electrons, including all single and double
excitations from the corresponding pn complete-active-space
multireference, CIDBG~SD!. Generally speaking, the spin–
orbit splittings obtained with the original basis sets are
within a 10% error with the experiments, and this is im-
proved by the use of the SO-corrected basis sets, in what is
our strictly ab initio calculation ~l51!. Fluorine is an excep-
tion to these comments, in consistency with a larger relative
, No. 20, 22 May 1995ject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
TABLE VI. Ionization potentials ~eV! for halogens F–I and sixth row elements Tl–Rn. Column labels A and B
stand, respectively, for calculations using the original and the spin–orbit corrected basis sets.
CG-AIMP SCF WB-AIMP CIDBG~SD!a
Experimentc
A B A B
l51 Empirical lb
F~2P3/2! F1~3P2! 15.78 15.79 16.85 16.86 16.86 17.42
Cl~2P3/2! Cl1~3P2! 11.83 11.83 12.35 12.35 12.35 13.01
Br~2P3/2! Br1~3P2! 10.76 10.76 11.22 11.21 11.21 11.84
I~2P3/2! I1~3P2! 9.61 9.61 9.89 9.94 9.92 10.454
Tl~2P1/2! Tl1~1S0! 4.96 4.95 6.00 5.89 5.92 6.106
Pb~3P0! Pb1~2P1/2! 6.61 6.59 7.30 7.08 7.14 7.415
Bi~4S3/2! Bi1~3P0! 8.31 8.29 6.92 7.08 6.94 7.287
Po~3P2! Po1~4S3/2! 7.25 7.22 7.82 7.90 7.90d 8.43
At~2P3/2! At1~3P2! 9.12 9.09 8.68 8.89 ~9.59!e
Rn~1S0! Rn1~2P3/2! 11.06 11.02 10.18 10.38 10.30 10.746
ans and np electrons are correlated, see the text.
bSee Tables IV and V.
cReference 45.
dl51.
8084 Luis Seijo: Spin–orbit effectsweight of the two-electron spin–orbit terms not included in a
mean-field approximation.36 l @Eq. ~20!# was used as an em-
pirical parameter to further improve the agreement with the
experiments. It is remarkable that all the values of l recom-
mended in Tables IV and V are very close to 1. Values other
eInterpolated from Tl to Rn.dReference 47, estimated from HF1, HCl1, and HBr1.
J. Chem. Phys., Vol. 102Downloaded¬29¬May¬2006¬to¬150.244.37.189.¬Redistribution¬subcould also be acceptable. The comparison of spin–orbit split-
tings and transition energies with those available in the lit-
erature for the cases under study reveal that, in these cases,
the precision attainable by the use of the WB-AIMP spin–
orbit operators ~with l51! and by the use, in pseudopotentialthan the ones suggested ~in parentheses,! but similar to them, calculations, of spin–orbit operators obtained from the large
TABLE VII. Bond lengths ~Å!. Column labels A and B stand, respectively, for calculations using the original
and the spin–orbit corrected basis sets. Numbers in parentheses correspond to neglecting the spin–orbit opera-
tor.
CG-AIMP SCF WB-AIMP CIDBG~SD!a
Experimentc
A B A B
l51 Empirical lb
HF 1S01 0.896 0.896 0.909~0.909! 0.909 0.909 0.916
HF1 2P3/2 2P1/2 0.975 0.976 0.989~0.989! 0.989 0.989 1.001
0.989 0.989 0.989
HCl 1S01 1.275 1.275 1.284~1.284! 1.284 1.284 1.275
HCl1 2P3/2 2P1/2 1.315 1.316 1.326~1.326! 1.326 1.326 1.315
1.326 1.326 1.326
HBr 1S01 1.414 1.414 1.424~1.424! 1.424 1.424 1.414
HBr1 2P3/2 2P1/2 1.444 1.445 1.457~1.457! 1.458 1.458 1.448
1.458 1.458 1.458
HI 1S01 1.603 1.603 1.616~1.614! 1.616 1.616 1.609
HI1 2P3/2 2P1/2 1.623 1.622 1.638~1.637! 1.638 1.638 ~1.62!d
1.638 1.638 1.638
HAt 1S01 1.692 1.694 1.727~1.709! 1.724
HAt1 2P3/2 2P1/2 1.708 1.710 1.750~1.729! 1.745
1.771 1.753
TlH 1S01 1.908 1.910 1.925~1.953! 1.931 1.929 1.870
PbH 2P1/2 2P3/2 1.847 1.849 1.876~1.881! 1.879 1.878 1.839
1.854 1.862 1.858 •••
BiH 3S01
2 3S1
2 1.791 1.793 1.834~1.823! 1.832 1.834 1.805
1.822 1.825 1.825 1.791
PoH 2P3/2 2P1/2 1.739 1.742 1.781~1.762! 1.777 •••
1.767 1.766 •••
ans and np electrons are correlated, see the text.
bSee Tables IV and V.
cReference 47., No. 20, 22 May 1995ject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
TABLE VIII. Vibrational frequencies, ve ~cm21!. Column labels A and B stand, respectively, for calculations
using the original and the spin–orbit corrected basis sets. Numbers in parentheses correspond to neglecting the
spin–orbit operator.
CG-AIMP SCF WB-AIMP CIDBG~SD!a
Experimenta
A B A B
l51 Empirical la
HF 1S01 4526 4526 4299~4299! 4299 4299 4138
HF1 2P3/2 2P1/2 3393 3392 3259~3259! 3258 3258 3090
3258 3258 3258
HCl 1S01 3097 3095 2976~2976! 2974 2974 2991
HCl1 2P3/2 2P1/2 2766 2764 2664~2663! 2662 2662 2674
2663 2661 2661
HBr 1S01 2745 2745 2630~2631! 2629 2629 2649
HBr1 2P3/2 2P1/2 2544 2543 2423~2424! 2422 2422 2442
2424 2421 2421
HI 1S01 2439 2439 2331~2340! 2331 2329 2309
HI1 2P3/2 2P1/2 2337 2334 2206~2223! 2212 2210 2170
2205 2211 2208
HAt 1S01 2259 2250 2035~2143! 2060
HAt 2P3/2 2P1/2 2186 2180 1951~2053! 1973
1739 1876
TlH 1S01 1388 1387 1329~1310! 1325 1326 1391
PbH 2P1/2 2P3/2 1645 1642 1507~1544! 1515 1507 1564
1563 1558 1560 •••
BiH 3S01
2 3S1
2 1866 1863 1672~1733! 1686 1673 ~1636!
1699 1706 1699 ~1669!
PoH 2P3/2 2P1/2 2084 2077 1850~1960! 1875 •••
1867 1903 •••
8085Luis Seijo: Spin–orbit effectsacomponents of atomic Dirac–Fock valence spinors and their
eigenvalues,7 or from fitting all-electron spin–orbit
splittings,9 is overall in the same order of magnitude.
Table VI presents the ionization potentials calculated
with spin–orbit and correlation effects included through the
WB-AIMP Hamiltonian and the same CIDBG~SD! wave
function used for the excitation energies, as well as with the
See footnotes a, b, c in Table VII.See footnotes a, b, c in Table VII.
J. Chem. Phys., Vol. 102,Downloaded¬29¬May¬2006¬to¬150.244.37.189.¬Redistribution¬subjspin-free CG-AIMP SCF method. The use of the SO-
corrected basis sets leaves essentially unchanged this prop-
erty, both at the SCF and CI levels, and the same is true for
the use of the empirical parameter l; the differences shown
at the CI level are due to effects of the basis set and the l
parameter on the spin–orbit splittings of the atom and ion.
The final values of the ionization potentials compare favor-TABLE IX. Dissociation energies, De ~eV!. Column labels A and B stand, respectively, for calculations using
the original and the spin–orbit corrected basis sets. Numbers in parentheses correspond to neglecting the
spin–orbit operator.
CG-AIMP SCF WB-AIMP CIDBG~SD!a
Experimenta
A B A B
l51 Empirical la
HF 1S01 4.32 4.33 5.69~5.71! 5.69 5.70 6.13
HF1 2P3/2 5.63 5.64 6.92~6.92! 6.93 6.93 •••
HCl 1S01 3.33 3.33 4.15~4.17! 4.14 4.14 4.62
HCl1 2P3/2 3.46 3.46 4.26~4.27! 4.26 4.26 4.82
HBr 1S01 2.85 2.82 3.54~3.67! 3.54 3.52 3.92
HBr1 2P3/2 2.80 2.80 3.58~3.61! 3.58 3.57 4.04
HI 1S01 2.35 2.35 2.88~3.15! 2.83 2.81 3.19
HI1 2P3/2 2.17 2.17 2.85~2.96! 2.85 2.83 3.25
HAt 1S01 2.09 2.08 2.01~2.91! 2.10 •••
HAt1 2P3/2 1.88 1.86 2.03~2.71! 2.16 •••
TlH 1S01 1.70 1.69 2.32~2.41! 2.40 2.37 2.06
PbH 2P1/2 1.50 1.50 1.33~2.27! 1.48 1.39 <1.69
BiH 3S01
2 1.25 1.25 2.09~210! 2.12 2.10 <3.00
PoH 2P3/2 1.61 1.60 1.97~2.44! 2.07 •••
aNo. 20, 22 May 1995ect¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
TABLE X. Adiabatic ionization potentials ~eV! HX~1S! HX1~2P3/2!. Column labels A and B stand, respec-
tively, for calculations using the original and the spin–orbit corrected basis sets. Numbers in parentheses
correspond to neglecting the spin–orbit operator.
CG-AIMP SCF WB-AIMP CIDBG~SD!a
Experimenta
A B A B
l51 Empirical la
HF 14.47 14.47 15.62~15.64! 15.62 15.63 15.64
HCl 11.70 11.70 12.23~12.26! 12.23 12.23 12.75
HBr 10.80 10.80 11.18~11.33! 11.17 11.16 11.67
HI 9.79 9.80 9.92~10.24! 9.93 9.90 10.38
HAt 9.33 9.30 8.65~9.77! 8.83 •••
8086 Luis Seijo: Spin–orbit effectsaably with the experiments both in absolute values and in
tendencies.
IV. MOLECULAR CALCULATIONS
In this section, the results of calculations on the lowest
states of hydrogen halides, their singly charged cations, and
the sixth row element hydrides are presented. The basis set
for H ~Table III! corresponds to Ref. 46; the basis sets for the
rest of the atoms is the same as in the atomic calculations.
Bond lengths ~Table VII!, vibrational frequencies ~Table
VIII!, dissociation energies ~Table IX!, and adiabatic ioniza-
tion potentials ~hydrogen halides, Table X!, have been calcu-
lated with the spin-free CG-AIMP method at the SCF level,
and with spin–orbit effects included through the WB-AIMP
method, using a CI wave function which includes all single
and double excitations from the two s and two p orbitals
with main character s and p , from the pn multireference,
using the double group CI formalism,28 WB-AIMP
CIDBG~SD!; the molecular orbitals were the CG-AIMP SCF
ones. Adiabatic spin–orbit splittings calculated with the last
See footnotes a, b, c in Table VII.dReference 48.
J. Chem. Phys., Vol. 102,Downloaded¬29¬May¬2006¬to¬150.244.37.189.¬Redistribution¬subjbasis sets and the spin–orbit corrected basis sets have been
used. In the WB-AIMP CIDBG~SD! calculations with the
original basis sets, the spin–orbit effects have been estimated
by switching off the spin–orbit operators ~l50!; the corre-
sponding results appear in parentheses. In the WB-AIMP
CIDBG~SD! calculations with the spin–orbit corrected basis
sets, results using the values of l obtained empirically for the
atoms are presented, together with those in which no empiri-
cal information is used ~l51!.
One observes, firstly, that the use of the spin–orbit cor-
rected basis set and of the empirical spin–orbit scaling pa-
rameter l does not affect the molecular bonding properties
and exclusively changes the spin–orbit splittings. The effects
seen on the WB-AIMP dissociation energies and ionization
potentials are indirect, due to their influence on the atomic
and molecular spin–orbit splittings.
The overall results of the WB-AIMP CIDBG~SD! calcu-
lations using the spin–orbit corrected basis sets and the em-
pirical values of l show a reasonable agreement with the
experiments, both in absolute values and ~especially! in ten-method are presented as well in Table XI. Both the original dencies, with differences which are a logical consequence of
TABLE XI. Adiabatic spin–orbit splittings ~cm21!. Column labels A and B stand, respectively, for calculations
using the original and the spin–orbit corrected basis sets.
WB-AIMP CIDBG~SD!a
Experimenta Literature
A B
l51 Empirical la
HF1 ~2P3/2!2P1/2! 338 344 288 293
HCl1 ~2P3/2!2P1/2! 589 627 646 648 710c
HBr1 ~2P3/2!2P1/2! 2 381 2 476 2 674 2 653 2 740c
HI1 ~2P3/2!2P1/2! 5 010 4 989 5 443 ;5 400 5 470c
HAt1 ~2P3/2!2P1/2! 16 040 13 675 •••
PbH ~2P1/2!2P3/2! 7 618 6 589 7 227 ~;8 000!b 6 380a
6 846e
BiH (3S012 !3S12) 4 802 3 741 4 535 4 917 3 840d
5 737f
4 303g
PoH ~2P3/2!2P1/2! 12 632 10 565 ••• 10 583d
9 920h
aSee footnotes a, b, c in Table VII. eReference 51~a!.
bExpected result. fReference 52~a!.
cReference 49. gReference 52~a!.hReference 53.
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the approximations involved in the calculation, mainly fro-
zen core, representation of operators, one-electron ad hoc
spin–orbit operator, and a limited CI expansion. Bond dis-
tances agree within expected margins, the errors ~systemati-
cally positive, except for HF, HF1! being smaller for the
lighter elements. The same is true for the vibrational frequen-
cies, though here the discrepancies are not systematic. The
dissociation energies are also acceptable; the agreement with
the experimental values is more or less the same for all the
molecules under study, and one may remark the results of the
differential dissociation energies of the set of hydrogen ha-
lides ~both neutral and first cations,! where the spin–orbit
effects correct the order of HBr–HBr1 and HI–HI1, and
quantitatively improve the differences between molecules.
The adiabatic ionization potentials of the hydrogen halides
are acceptable as well, smaller than the experimental values
by 0.5 eV for all molecules except HF.
The spin–orbit effects estimated with the WB-AIMP cal-
culation on bond lengths and vibrational frequencies are in-
significant for the halides down to iodine, as expected. They
are significant only for the molecules involving sixth row
elements. The effects on the dissociation energies, mainly a
result of the different atomic and molecular spin–orbit split-
tings, grow down the Periodic Table, becoming very impor-
tant in the P states of the sixth row hydrides; the molecular
reduction of the spin–orbit splitting results in smaller disso-
ciation energies. The spin–orbit splitting of the 2P ground
state of the hydrogen halide cations HX1 results in a reduc-
tion of the HX ionization potentials.
The molecular spin–orbit splittings are presented in
Table XI. The spin–orbit correction on the basis set ~column
B, l51!, which has been designed only to make the WB-
AIMP wave functions closer to the numerical theoretical ref-
erence in the very innermost part, does not necessarily bring
the molecular splittings closer to the experiments, as is clear
in BiH, this meaning that, in individual cases, fortunate can-
cellation of errors can go parallel to a slightly poorer descrip-
tion of the innermost parts of the wave function. Comparison
of our ab initio ~column B, l51! results with pseudopoten-
tial calculations in the literature,48–53 may lead to the conclu-
sion, as was the case for the atoms, that the precision attain-
able in the spin–orbit splittings is, in overall, similar. The use
of the atomic empirical values of l does certainly bring the
molecular splittings closer to the experiments. This effect of
l can be regarded as a measure of the non-mean-field two-
electron spin–orbit contribution, though the l empirical val-
ues obviously correct for other limitations of the method as
well, in particular for eventual insufficient descriptions of the
coupling between electron correlation effects and spin–orbit
effects.
V. CONCLUSIONS
In this paper, an extension of the relativistic spin-free
Cowan–Griffin based core ab initio model potential
method13 is presented in order to handle spin–orbit effects in
atomic and molecular valence electron calculations. The
spin–orbit operators, which are included in the calculations
at the CI stage, are one-electron operators representing the
Luis Seijo: Spinones proposed by Wood and Boring for atoms.31 The calcu-
J. Chem. Phys., Vol. 102,Downloaded¬29¬May¬2006¬to¬150.244.37.189.¬Redistribution¬subjlations on neutral and singly ionized atoms and monohy-
drides of group VIIA elements and sixth row p-elements are
very satisfactory, since the absolute results and their tenden-
cies fall within the margins demandable to an effective core
potential method. In particular, the spin–orbit splittings are
very reasonable.
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